ABSTRACT Electric pulses of intensity in kilovolts per centimeter and of duration in microseconi mto5iYii1iseconds cause a temporary loss of the semipermeability of cell membranes, thus leading to ion leakage, escape of metabolites, and increased uptake by cells of drugs, molecular probes, and DNA. A generally accepted term describing this phenomenon is "electroporation." Other effects of a high-intensity electric field on cell membranes include membrane fusions, bleb formation, cell lysis ... etc. Electroporation and its related phenomena reflect the basic bioelectrochemistry of cell membranes and are thus important for the study of membrane structure and function. These phenomena also occur in such events as electric injury, electrocution, and cardiac procedures involving electric shocks. Electroporation has found applications in: (a) introduction of plasmids or foreign DNA into living cells for gene transfections, (b) fusion of cells to prepare heterokaryons, hybridoma, hybrid embryos . etc., (c) insertion of proteins into cell membranes, (d) improving drug delivery and hence effectiveness in chemotherapy of cancerous cells, (e) constructing animal model by fusing human cells with animal tissues, (f) activation of membrane transporters and enzymes, and (g) alteration of genetic expression in living cells. A brief review of mechanistic studies of electroporation is given.
cm-2 (1, 2) . This permeation barrier is readily modified by varying ionic compositions, adding organic compounds or detergents, or by imposing a transmembrane electric potential (1, 2) . When an intense transmembrane electric field, exceeding the dielectric strength of a cell membrane, is applied, the membrane specific conductance increases dramatically and it can reach as high as 1 S cm-2 in microseconds (3, 4) . The phenomenon of the electric modification of cell membrane conductivity has been known since the 1940's (1, 2) . Goldman (5) measured the voltage-current (V-I) characteristics of the membrane of Chara australia and found a phenomenon similar to the dielectric breakdown of cell membrane, i.e., an abrupt increase in the membrane conductance when the membrane was hyperpolarized beyond a certain potential. This effect was reversible: repetitive voltage scans did not alter the V-I characteristics of the membrane. Coster called it the reversible electric punch through (6) . Irreversible electric breakdown of BLM and cell membranes have also been noted and the dielectric strengths determined for BLM of various lipid compositions (1, 7) . It was found that for BLM the breakdown potential is in the range 150-500 mV when the field duration is in microseconds to milliseconds. This value translates into a dielectric strength of 300-1,000 kV/cm when the thickness of the bilayer is 5 nm. Cell membranes can sustain as much as 1 V of A*membr i.e., an electric field strength of 2,000 kV/cm, when microsecond to millisecond electric pulses are used (8, 9) . The dielectric strength of cell membranes depends both on the amplitude and on the length of the applied electric field (10) . Despite much information which had already been obtained in these early studies concerning effects of electric field on membrane permeability, their influence on the later development of the discipline now identified as the study of electroporation of cell membranes and its related phenomena remains unclear. Many investigators working on mechanisms of electroporation and applications of these techniques in biotechnology would recognize the pioneering contributions of H. Schwan (11) and the late H. Pohl (12) . However, a notable surge of activity in the last 10 years must be attributed to the success of using the pulsed electric field (PEF) method for loading exogenous molecules (13, 14) , gene transfer (15, 16) , and cell fusions (10, (17) (18) (19) (20) (21, 24) , which is reflective of the property of the parameters aB (21, 22) . It is concluded that the transbilayer pathway of ionic species occurs preferentially at the boundary regions of the lipid cluster (21 (25) (26) (27) . The formation of a kink in a lipid molecule (or the trans to cis transition of a CH2-CH2 bond) occurs in 5 ns (28) , and the propagation of kinked conformation to its neighboring molecules occurs in 20-200 pS. After these rapid events, there are slow, highly cooperative structure rearrangement in milliseconds to minutes (25) (26) (27) . Rotation of lipid molecules occurs in microseconds. The lateral diffusion coefficient of lipid is 1 x 10-8 cMn2 s51 (29, 30) (32, 33) or by the conductivity measurement (4) . The (36) . Weaver has calculated extent of local heating using estimated values of effective transmembrane electric field, conductivity of medium, and pore size (37) . Local temperature rise of several degrees may be reached in microseconds to milliseconds (37) . If At is a few milliseconds or longer, the current could also produce electroosmosis effects (38) , thus, mechanically enlarging the defect. Pores of diameters in micrometers have been observed by timeresolved fluorescence imaging of large lipid vesicles (diam 40 ,um) (K. Kinosita, Jr., personal communication).
Based on the above observations, Scheme 5 has been proposed to describe the reversible electroporation of the lipid vesicles and for a more drastic perturbation of lipid vesicles by high-intensity electric pulses, Scheme 6 has been proposed (39) .
In these two schemes, the A to B transition represents the reversible pore initiation step that takes place in submicroseconds or shorter. After this step, if the applied field-induced Akimembr exceeds the dielectric strength of the bilayer, a pore expansion step, B to C, follows (Scheme 5). This process is considered irreversible because resealing takes seconds to minutes after the electric pulse terminates. Because the conditions for electroporation and resealing are different, the former being in the presence and the latter being in the absence of an electric field, their paths are necessarily different. B' and C' are equivalent states of B and C, respectively, in the absence of an electric field. If the induced Akmembr greatly exceeds the dielectric strength of the lipid bilayer, a large vesicle may be fragmented due to the electrostatic repulsion of polarized molecules (B to C, D and E transitions), the end products would be small vesicles (Al, A2, and A3).
Theoretical treatments of electroporation have considered the stability of hydrophobic and hydrophilic pores (40, 41) . The stability of a pore depends on the pore "energy" which is the sum of mechanical energy, electrical contribution, and others (42) . The mechanical term is a function of the edge energy and the surface tension of the membrane-water interface. Weaver and coworkers have used these assumptions to calculate timedependent size distributions of electropores in BLM and a model cell (42) . Their results are consistent with the conductance measurements of BLM breakdown by Benz et al. (32) . Uptake of different sizes of fluorescence probes by electroporated erythrocytes and yeast has been measured using flow cytometry to test the prediction of the theoretical models (43) .
Cell membrane
The opening/closing of many protein channels is known to depend on transmembrane electric potential (44, 45 Electroporation of Cell Membranes be inhibited by ouabain, the specific inhibitor of the enzyme (54) . For cell membranes, there are other secondary effects of an electric field which are not represented by these kinetic schemes. The molecular events detected by rapid freezing electron microscopy are not in complete accord with those detected by conductivity measurement. With conductivity measurements, a submicrosecond pore initiation is recorded which has been confirmed by ion leakage experiment (4, 53) . Pores expand in the 100-ps time range and begin to reseal (incompletely) within milliseconds. Electronmicroscopy does not detect porelike structures until 10 ms after the PEF was terminated (55) . Apparently, the relatively large pore-like imprints imaged by the electronmicroscopy result from secondary effect of PEF. They may reflect reorganization of the cytoskeletal network. Loss of the natural membrane potential of a cell after electroporation may also lead to loss of lipid asymmetry or other supramolecular structures in the cytoplasm.
Large scale structural modification of cell membranes is expected for cells treated with an electric field which will generate a AllJmembr much bigger than 1 V for milliseconds or longer. Membrane fragmentation such as that represented by Scheme 6 will take place. However, even with field strengths that are only slightly higher than the breakdown voltage, membrane blebs may form in certain types of cells (56, 57) . The most prominent of the field induced secondary effect is the lysis of electroporated cells. This phenomenon has been studied in great details for human erythrocytes by Kinosita and Tsong (4, 13, 49, 58) . They have found that cell lysis is due to the colloidal osmotic pressure of the cytoplasmic macromolecules. Cell lysis may be prevented by balancing the colloidal osmolality of cells with molecules larger than the size of the electropores in solution (39, 49) . This procedure stops cells from swelling and greatly facilitates membrane resealing. (66) . It is now generally accepted that electrofusion of cell membranes is due to nonthermal effects of a PEF and may be related to electroporation of cell membranes (10, (17) (18) (19) (20) . Although electrofusion is emerging as a popular method in hybridoma technology, genetic engineering, and agricultural research, not much is known of the molecular mechanism of electric membrane fusion. A PEF can modify a cell membrane in many different ways, the most prominent are disordering of the lipid bilayer and transient changes in cytoskeletal structures. Direct links between these events and membrane fusion, however, are still lacking. Hermann et al. (67) in a recent study observe that loss of lipid asymmetry in erythrocyte ghosts greatly facilitates fusion of vesicular stomatitis virus. Loss of lipid asymmetry could be the "fusogenic state" proposed by Sowers (68) . Heterokaryons or hybridoma produced by electrofusion are viable but cells losing lipid asymmetry may not be viable (69) . These conflicting observations would suggest that other effects of a PEF may have to be considered.
Electrofusion is not a one-step process. Several intermediate products have been identified. Fusion that involves only the merging of the outer monolayer of the lipid bilayer will allow diffusion of fluorescence lipid probes but not the mixing of the cytoplasmic content. Content mixing is a necessary criterion for a complete fusion of two cells (70, 71) . Step II). The end product will be a stable conjugate of cells, adjoined by a common envelope but with no mixing of the cytoplasmic contents. If fusion occurs in both monolayers of the lipid bilayer (Step III), the cytoskeletal networks of the two cells will slowly merge ( Step IV). The end product will be a completely fused cell with a shared cytoplasm.
size of "stable" electropores to be 1-10 nm (3, 52, 72, 73) , which would be too small to permit DNA entry. Chizmadzhev and co-workers (74) propose that electrophoretic force of the PEF is responsible for driving DNA into a cell. Chernomordik et al. (74) have shown that DNA taken up by lipid vesicles are enclosed by a shell of lipids. In other studies, it has been shown that only the DNA which is surface bound is able to transfect E. coli after electric pulse treatment (75) . DNA transfection has also been shown to occur using ac fields of strength less than one-tenth that required for electroporation (65) . Fig. 3 Volume 60 August 1991 FIGURE 3 Two mechanisms for electrotransfection of cell by plasmid DNA. In the upper path, DNA binds to the cell surface in Step I. After electroporation (
Step II), DNA diffuses into the cytoplasm leading to the transfection of the cell (75) . In the lower path, surface-bound DNA is driven into the cell by electrophoretic force of the applied field (Step II). The loaded DNA is enclosed in a shell of lipid and is not accessible to the molecular probe ethidium bromide (74) . In the upper path, the uptake of surface-bound DNA may occur through an endocytosis-like mechanism.
In such a case, DNA would also be protected by a lipid enclosure. In a recent study, Mir and co-workers have applied electroporation locally to cancerous tissue to facilitate entry of bleomycin into tumor cells. The cytotoxicity of the drug increased by 650,000-fold. A suppression of tumor growth leading to the complete recession of tumors in some experimental mice has been recorded (86) . Numerous clinical applications of electroporation and electrofusion have been reported, e.g., for microsurgery, selective tissue DNA transfection, fusion of human cells to animal tissue to construct animal models, establishment of library of hybridomas ... etc. Studies of electric properties of cell membranes are also expanding into the area of environmental concerns, e.g., effects of ELF (extremely low frequency electromagnetic fields) on cell function and on health (87) .
PERSPECTIVE
Studies of the electric properties of cells began before the development of the membrane hypothesis of cells (2) . However, electroporation as a discipline has only 15 years of history. In this short span of time, many phenomena have already been found and studied and new phenomena are frequently being reported in the literature. This is not surprising because a PEF can exert different effects on a chemical reaction especially that occurring in a cell membrane (Table 1) . Future studies shall clarify these different effects of a PEF and also focus on understanding molecular mechanisms of these PEF-induced membrane phenomena.
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